The cobalt ferrite (CoFe 2 O 4 ) and silver-cobalt ferrite (Ag-CoFe 2 O 4 ) nanoparticles were obtained through self-combustion and wet ferritization methods using aqueous extracts of Hibiscus rosa-sinensis flower and leaf. X-ray diffraction, scanning electron microscopy, Fourier transform infrared spectroscopy, and magnetic measurements were used for the characterization of the obtained oxide powders. The antimicrobial activity of the cobalt ferrite and silver-cobalt ferrite nanoparticles against Gram-positive and Gram-negative bacteria, as well as fungal strains, was investigated by qualitative and quantitative assays. The most active proved to be the Ag-CoFe 2 O 4 nanoparticles, particularly those obtained through self-combustion using hibiscus leaf extract, which exhibited very low minimal inhibitory concentration values (0.031-0.062 mg/mL) against all tested microbial strains, suggesting their potential for the development of novel antimicrobial agents.
Introduction
Magnetic spinel ferrite nanoparticles have attracted an incredible attention over the past two decades, due to their improved properties over those exhibited by the "classic" materials with grains size >10 m. The combination of their unique composition and the microstructure leads to a high potential for different applications, such as magnetic recording, magnetic energy storage, catalysis, biomedicine, and waste water treatment [1] [2] [3] [4] [5] [6] [7] .
Among the spinel ferrites family, one of the most interesting is the inverse spinel cobalt ferrite (CoFe 2 O 4 ) with great physical and chemical stability, having large anisotropy and saturation magnetization, as well as tunable coercivity [4] , properties recommending it as a suitable candidate for biomedical applications [8, 9] . Recent studies revealed the antimicrobial activity of the cobalt ferrite nanoparticles on pathogenic and multidrug resistant bacterial strains [1] .
On the other hand, cobalt ferrite acquires improved properties when combined with noble metals, like Ag or Au. Taking into account the inherent antimicrobial properties of Ag, it is expected that the addition of Ag to CoFe 2 O 4 will enhance its antimicrobial activity [10] [11] [12] [13] .
It is well known that the synthesis method has a crucial influence on the composition, structure, and morphology and, implicitly, on the properties of the magnetic ferrite nanoparticles.
For this reason, chemists, physicists, and material scientists are focusing their researches to obtain nanoparticles with controllable size and morphology. Considerable efforts 2 Journal of Nanomaterials have been made to develop wet chemical strategies especially those belonging to the soft chemistry-"chimie douce"-which correspond to these requirements.
The "chimie douce" (soft chemistry) is considered "the birth of the molecular engineering of nanomaterials" [14] . The concept of "chimie douce" was introduced by Livage [15] [16] [17] . All the methods belonging to the "chimie douce" are based on molecular precursors that allow a homogeneous distribution of chemical species at the molecular level. The precursor-polynuclear multimetallic compounds are capable of giving nanostructured ferrites by thermal decomposition or in situ decomposition processes [18] .
The goal of today is to develop those synthesis strategies for nanomaterials which are eco-friendly, simple, and clean to "reduce or eliminate the use or the generation of hazardous substances in the design, manufacture and application of chemical products" [19] . The ideal synthesis strategy is the combination of the methods of soft chemistry and the green chemistry.
The green chemistry draws its inspiration from nature through plants, yeast, fungi, and bacteria. Integration of green chemistry principles is a key issue in the nanoscience research [20] .
The use of plant extracts from leaves, flowers, roots, or seeds offers the possibility of preparing nanostructured magnetic ferrites via several chemical pathways using benign reagents thus reducing the risk of hazardous substances [21] [22] [23] [24] .
The plant extracts contain and can therefore release a variety of metabolites including carbohydrates, polysaccharides, phenols, amino acids, and vitamins, which can act as capping agents, reducing agents, and stabilizing and/or chelating agents for "capturing" the metal ions; they can also play a fuel role.
The use of plant extracts in the synthesis can influence the size, the shape, and the morphology of the nanoparticles. They generate nanoparticles with high dispersity, high stability, and narrow size distribution [23, 24] .
Nowadays, a variety of plant extracts such as Aloe vera leaves, ginger roots, and Hibiscus rosa-sinensis flower/leaf are used to obtain metal oxides and mixed oxide nanoparticles [22] [23] [24] [25] .
An overview of the literature showed that Hibiscus rosasinensis flower/leaf extracts were often used to obtain Au and Ag nanoparticles [20, 26, 27] , ZnO, and CeO 2 nanoparticles [28, 29] .
In 2015, Manikandan et al. published the first study on the synthesis of spinel copper ferrite (CuFe 2 O 4 ) using hibiscus flower extract [30] .
Hibiscus rosa-sinensis has been used as a medicinal herb in native medicine, to cure many diseases. Its antibacterial activity is known for more than 50 years [20, [31] [32] [33] . The chemical composition of this plant includes organic and phenolic acids such as citric, malic, succinic, lactic, gallic, hibiscus, and homogentisic acids. Flavonoids such as quercetin, luteolin, gossypetin, and their glycosides are also present. Anthocyanins are responsible for the bright colour of the flowers. The chemical composition varies with the species, origin, age, and colour. The total phenolic compounds and flavonoids are responsible for the antioxidant and antimicrobial activity [29, [34] [35] [36] .
This work has the following goals: (i) the synthesis of cobalt ferrite nanoparticles (CoFe 2 O 4 ) by self-combustion and wet ferritization methods using an aqueous extract Hibiscus rosa-sinensis flower/leaf, respectively; (ii) the synthesis of silver-cobalt ferrite nanoparticles (Ag-CoFe 2 O 4 ) by self-combustion method using aqueous extracts hibiscus flower/leaf, respectively; (iii) the investigation of the antimicrobial activity of CoFe 2 O 4 and Ag-CoFe 2 O 4 nanoparticles against Gram-positive, Gram-negative, and fungal strains.
Experimental

Reagents. The iron nitrate (Fe(NO
, and silver nitrate (AgNO 3 ) were of reagent quality (Merck). Hibiscus flowers/leaves were from local market.
Preparation of the Hibiscus Extracts
Preparation of Hibiscus Flower
Extract. 5 g of dried flowers was placed in 100 mL distilled water under stirring. The mixture was boiled for 15 min. The bright red extract (pH = 2) was then cooled at room temperature and filtered.
Preparation of Hibiscus Leaf
Extract. 5 g of fresh leaves was cut and was placed in 100 mL distilled water under continuous stirring. The mixture was boiled for 45 min. until the colour of the aqueous solution became yellow green (pH = 6). The extract was cooled at room temperature and filtered. 1Co 2+ ) were added slowly under stirring to the aqueous extract of Hibiscus rosa-sinensis flower. The obtained solution was concentrated until a gel was formed. This gel was placed on a heater at 250-300 ∘ C. Initially, the gel melted and, then, decomposed spontaneously by self-ignition, leaving behind voluminous foam (H1). This self-combustion reaction is a redox process in which the polyphenols from the hibiscus flower extract act as reducing agent. The magnetic foam was annealed at 800 ∘ C/1 h to improve the degree of crystallization of cobalt ferrite (H1-800).
Synthesis of Cobalt
The Wet Ferritization Reaction. The metal nitrates (2Fe
3+ : 1Co 2+ ) were added under stirring to the aqueous extract of Hibiscus rosa-sinensis leaf and the pH was raised to 10 by adding NH 4 OH 25%. A dark brown precipitate was separated. The suspension was maintained at 80 ∘ C/4 h. After four hours, the precipitate became magnetic. It was filtered and dried (H6) on phosphorous pentoxide. A thermal treatment at 800 ∘ C for 1 h led to a well crystallized cobalt ferrite (H6-800). 
Synthesis of
The Nicolet 6700 apparatus with OMNIC soft was used for characterization. Powder X-ray diffraction patterns were recorded using Rigaku's Ultima IV multipurpose diffraction system. The diffractometer was set in parallel beam geometry, using Cu K radiation ( = 1.5406Å), CBO optics, and graphite monochromator and operated at 40 kV and 30 mA, 0.02 ∘ step size, and 1 ∘ min −1 scan speed. Phase identification was performed using Rigaku's PDXL software, connected to ICDD PDF-2 database. The lattice constants were refined using Whole Powder Pattern Fitting (WPPF) and crystallite size was calculated by WilliamsonHall method. The microstructure of the oxidic powders was studied by scanning electron microscopy (SEM) in a FEI Quanta 3D FEG apparatus operating at 5 kV, using secondary electrons (SE) and back-scattered electrons (BSE) micrographs, and equipped with an energy dispersive X-ray (EDX) spectrometer for elemental analysis measurements. The magnetic measurements were performed at room temperature on a Lake Shore's fully integrated Vibrating Sample Magnetometer (VSM) system 7404. In the interpretation of magnetic data the following were used: hysteresis curve (ferromagnetic phase)
and Langevin function (superparamagnetic phase)
Taking into account that, at high field, the magnetization increased almost linearly with external field in the hysteresis loops, the presence of a paramagnetic phase was considered and a supplementary term paramag was added.
FM and SP = are the saturation magnetization for the ferromagnetic (FM) and superparamagnetic (SP) components.
is the squareness of the ferromagnetic loop, that is, the ratio of the remanent magnetization, to FM .
is the coercivity of the hysteresis loop.
is the average moment per grain.
is the number of grains (or nanoparticles)/cm 3 in the superparamagnetic component.
is the magnetic susceptibility per gram, for paramagnetic component. ∘ C for 24 h. The positive results were read as the occurrence of an inhibition zone of microbial growth around the disk. The quantitative assay of the antimicrobial activity was performed by liquid medium microdilution method in 96 multiwell plates. Twofold serial dilutions of the compounds solutions (ranging between 1 mg and 0.002 mg⋅mL −1 ) were performed in a 200 L volume of broth, and each was well seeded with 50 L microbial inoculum. Positive controls (wells containing culture medium seeded with the microbial inoculum) were used. The influence of the DMSO solvent was also quantified in a series of wells containing DMSO, diluted accordingly with the dilution scheme. The plates were incubated for 24 h at 37 ∘ C, and the minimal inhibitory concentration (MIC) values were considered as the lowest concentration of the tested compound that inhibited the growth of the microbial overnight cultures, as compared to the positive control, revealed by a decreased value of absorbance at 600 nm (Apollo LB 911 ELISA reader).
Results and Discussion
In this study, Hibiscus rosa-sinensis flower/leaf extracts have been used as gelling, reducing/chelating agent. The high-performance liquid chromatographic (HPLC) analyses of the aqueous extracts (Table 1) were in good agreement with the literature [33] [34] [35] [36] [37] .
The CoFe 2 O 4 and Ag-CoFe 2 O 4 nanoparticles obtained by self-combustion and wet ferritization methods using flower and leaf extracts of hibiscus (Scheme 1), respectively, were characterized by XRD, SEM, FTIR, and magnetic measurements. 2 O 4 Nanoparticles. The formation of the cobalt ferrite was confirmed by XRD patterns. Figure 1(a) shows the XRD patterns recorded for sample H1 obtained through self-combustion method using hibiscus flower extract and for this sample calcined at 800 ∘ C/1 h, respectively (H1-800). XRD patterns indicate the formation of the CoFe 2 O 4 cubic spinel structure (space group Fd3m, ICDD 022-1086). The lattice parameters were = 8.3839Å (for H1) and = 8.3626Å (H1-800) and in good agreement with the literature [38, 39] . The crystallites sizes were 10 nm for H1 and 18 nm for H1-800. Figure 1(b) showed the XRD patterns recorded for CoFe 2 O 4 prepared through wet ferritization process. For sample H6, the presence of characteristic peaks of cobalt ferrite confirmed that the phase of spinel cobalt ferrite was formed. A well crystallized CoFe 2 O 4 was obtained after a treatment at 800 ∘ C/1 h; the lattice parameter was 8.3847Å and the average crystallite size was 18.8 nm (H6-800).
Characterization of CoFe
SEM measurements of sample H1-800 (Figure 2 ) show the formation of porous complex shape agglomerates with nanograined structure. Particle sizes and interparticle pores of ∼30 nm are somewhat higher than crystallite sizes determined from XRD; the difference is attributed to early sintering of the nanocrystallites into secondary, nanosized agglomerates, leading to the formation of porous agglomerates.
SEM measurements of sample H6, obtained by the wet ferritization method, show the formation of agglomerates (Figure 3(a) ) with a very fine nanograined structure (Figure 3(b) ). The ill-defined contour of the grains (Figure 3(b) ) is attributed to the incomplete crystallization and presence of remaining carbon from hibiscus leaf extract in the precipitate obtained through wet ferritization at room temperature. EDX spectroscopy elemental analysis detects the presence of C (4 wt%) (Figure 3(c) ) and Si, P, and S as minor elements (<1 wt%); these are all elements present in the hibiscus leaf Table 2 and 583 cm −1 were observed. The high carboxyl group bands were also present. It is very interesting to note that, even, after the thermal treatment, the bands characteristic of vibration of phenyl and carboxylate anions from the flower extract are present in the spectrum of H1. After thermal treatment, the bands of cobalt ferrite increased and they were shifted to lower wavenumbers. The bands of the spinel are well-defined in the range 370-800 cm In the FTIR spectrum of sample obtained by wet ferritization (H6) the bands of cobalt ferrite are higher and better separated than in the spectrum of the sample obtained by selfcombustion (H1); the bands of carboxylic groups are higher in FT-IR spectrum of H1. After thermal treatment at 800 ∘ C, the bands of cobalt ferrite increased in both cases.
The magnetization of CoFe 2 O 4 samples was performed at room temperature. Experimental magnetic data was fitted with the hysteresis curve for ferromagnetic phase and Langevin function for superparamagnetic phase [40] [41] [42] . Figure 4 showed the magnetization (M) as function of the applied field (H).
The absence of the coercivity in the M-H curve (Figure 4(c) ) for the CoFe 2 O 4 particles obtained through wet ferritization method using hibiscus leaf extract (H6) indicated the superparamagnetic nature of the particles. The saturation magnetization ( ) for the cobalt ferrite obtained by selfcombustion method (H1) was found to be 25.94 emu/g and remanence ( ) was 10.24 emu/g, while for H1-800 the same parameters were 37.19 emu/g and 15.99 emu/g, respectively.
For the CoFe 2 O 4 prepared by wet ferritization (H6), the saturation magnetization was 4.86 emu/g. The values of the saturation magnetization and remanence of cobalt ferrite, after the heat treatment (sample H6-800), were found to be 69.68 emu/g and 19.51 emu/g, respectively. Figure 5 : X-ray diffraction of the Ag-cobalt ferrite nanoparticles obtained by self-combustion using (a) hibiscus flower extract and (b) hibiscus leaf extract.
Characterization of Ag-CoFe 2 O 4
Nanoparticles. The XRD patterns of the silver-cobalt ferrites (Ag-CoFe 2 O 4 ) obtained through self-propagating using hibiscus flower/leave extract (H10/H11) and Ag-CoFe 2 O 4 calcined at 800 ∘ C/1 h (H10-800/H11-800) are presented in Figure 5 .
The XRD patterns of the samples H10 and H11 showed the formation of CoFe 2 O 4 (ICDD 022-1086) and Ag nanoparticles (space group Fm-3m; ICDD 004-0783). The examination of the patterns also indicated the presence of some traces ofFe 2 O 3 and unidentified peaks. Heating treatment at 800 ∘ C/1 h led to well crystallized Ag-CoFe 2 O 4 nanoparticles. The lattice parameter of cobalt ferrite ranged between 8.364Å for H10-800 and 8.3775Å for H11-800; the average crystallite size of cobalt ferrites was 15.8 nm/14.8 nm (for H10-800/H11-800), respectively.
SEM measurements of samples H10 and H11 (Figure 6 ), obtained through self-combustion using hibiscus flower and leaf extracts, respectively, show the formation of powder agglomerates with very fine nanograined structure. In both samples primary particle sizes are below 10 nm, indicating that the presence of Ag inhibits crystallite growth, but the aggregation state of primary crystallites varies significantly; in H10 they form micron size aggregates (Figure 6(a) ) with a porous crystalline framework (Figure 6 (b) and inset) while in H11 the primary nanocrystallites connect forming spheres (Figure 6 (e)), with diameters around 200 nm, the spheres themselves forming larger agglomerates (Figure 6(d) ). EDX spectroscopy elemental analysis (Figures 6(c) and 6(f)) detects the presence of Ag together with P and S as minor elements (<0.5 wt%), the major component (>99 wt%) being the elements of CoFe 2 O 4 nanocrystallites.
The formation of the cobalt ferrite was also evidenced through IR spectra of the samples H10, H10-800, H11, and H11-800 recorded between 4000 cm −1 and 350 cm −1 . The FTIR spectra of H10 and H10-800 present few differences. In the spectrum of sample H10-800 the bands characteristic of COO − groups decreased and the C-O-C bands increased. This behaviour can be correlated with the decomposition of carboxylate anions. The bands characteristic of cobalt ferrite can be seen at 591 cm −1 and 386 cm −1 . In the FTIR spectrum of H11 sample, the cobalt ferrite bands are present. In the spectrum of H11-800, the decrease in intensity of bands characteristic of hydroxyl and carboxyl group bands and an increase in intensity of cobalt ferrite bands can be seen.
Comparative observation of the FTIR spectra of the samples treated at 800
∘ C/1 h shows the decrease of carboxylate and hydroxyl anions bands in the case of sample H11-800.
The presence of Ag in samples improved the formation of spinel in the samples obtained by self-combustion. Figure 7 shows the magnetization versus field (M-H curves) for Ag-CoFe 2 O 4 nanoparticles obtained by selfcombustion using hibiscus flower/leaf extracts (samples H10 and H11) and Ag-CoFe 2 O 4 annealed at 800 ∘ C/1 h (samples H10-800 and H11-800). The absence of the remanence ( ) and the coercivity ( ) on the M-H curve for sample H11 (Figure 7(b) ) evidences a superparamagnetic behaviour. The saturation magnetization ( ) for H11 is 2.72 emu/g. For the silver-cobalt ferrite obtained through self-combustion using hibiscus flower extract (H10) the values of saturation magnetization and remanence are 27.06 emu/g and 6.46 emu/g, respectively. It can be observed that value of Ag-CoFe 2 O 4 obtained by self-combustion using hibiscus leaf flower extract Journal of Nanomaterials increased after heat treatment (sample H11-800), due to the increase in particle size ( = 35.69 emu/g).
Antimicrobial Activity.
Until now, there are only few reports in the literature concerning the antimicrobial activity of Ag-CoFe 2 O 4 [43] .
During the present study, new Ag-CoFe 2 O 4 nanoparticles together with CoFe 2 O 4 nanoparticles have been tested for their antimicrobial activity, using Gram-negative and Grampositive bacteria, as well as fungal strains.
The qualitative method used for the screening of the antimicrobial activity of the tested nanoparticles (Table 3) indicated that H10 followed by H11 and H1 proved to be the most active, inducing the total inhibition of the microbial growth and the occurrence of growth inhibition zones with diameters ranging from 6 to 10 mm. The most susceptible strains were the Gram-positive Enterococcus faecalis, the Gram-negative Escherichia coli, and Candida albicans yeast strain.
Additionally, the H10 nanoparticles induced the partial inhibition of the two Staphylococcus sp. tested strains, H11 of Pseudomonas aeruginosa and Staphylococcus saprophyticus, and H1 of Escherichia coli and Staphylococcus saprophyticus strains.
The quantitative assay of the antimicrobial activity of the obtained nanoparticles confirmed the qualitative screening results, indicating H10 the most active nanoparticles, exhibiting the lowest MIC values ranging from 0.031 to 0.062 mg/mL against all tested bacterial and yeast strains (Table 4) . H11 followed by H6 and H1 exhibited only a moderate antimicrobial activity with MIC values between 0.125 and >1 mg/mL (Table 4 ).
Conclusions
The CoFe 2 O 4 and Ag-CoFe 2 O 4 nanoparticles were obtained by wet ferritization and self-combustion methods using Hibiscus rosa-sinensis flower/leaf extracts. To the best of our knowledge, there are no literature data on the synthesis of CoFe 2 O 4 using hibiscus extracts as chelating/gelling agent.
The as-prepared samples were characterized by various techniques. XRD analysis demonstrated that both methods The presence of C, Si, P, and S as minor elements was associated with the elemental content of the plant extracts. FTIR spectra sustained the formation of cobalt ferrite by both methods. The magnetic measurements revealed a superparamagnetic behaviour for samples H6 and H11.
The antimicrobial activity assay indicated that the AgCoFe 2 O 4 (H10/H11) nanoparticles exhibited an improved inhibitory effect against the bacterial and fungal tested strains, as compared to CoFe 2 O 4 nanoparticles obtained by either of the two methods. The most active nanostructure was represented by silver-cobalt ferrite (Ag-CoFe 2 O 4 ) obtained through self-combustion using hibiscus leaf extract, exhibiting very low MIC values against a wide range of microbial strains including Gram-negative fermentative and nonfermentative bacilli, Gram-positive cocci, and bacilli, and yeast strains. 
